Abstract. It is still a big concern that how to manipulate the nanofibers' diameters in an accurate manner. The most recently reported modified coaxial electrospinning, where un-spinnable solvent could be tried as a sheath fluid, is a potential method to achieve this goal. In this study, with Eudragit E100 at a concentration of 15 wt. % in a mixture of ethanol/N, N-dimethylformamide with a volume ratio of 8:2 as the core fluid, a varied of mixed organic solvents were exploited as the sheath fluids to manipulate the sizes of electrospun Eudragit nanofibers. The scanning electron microscopic results demonstrated that the nanofibers' diameter (D, µm) had a clear exponential relationship with the DMF content (C, %) in the sheath mixtures as D=1.434 -0.023 C (R=-0.9976) within a rage between 0% to 30%. The microformation mechanism was suggested. The present investigations paved a new way for implementing the modified coaxial processes, which can be utilized to manipulate the diameters of nanofibers robustly and stably.
Introduction
Electrospinning, being a single and simple "top-down" processes for fabrications of polymeric nanofibers, is very popular in the scientific fields in the nano era [1] [2] [3] [4] [5] [6] . The unique property of the advanced technology is that electro-static energy is directly exploited to remove organic solvents from the working fluids to produce solid products, and thus is termed as electrostatic spinning previously [7] [8] [9] . The potential applications of electrospun nanofibers have drawn great interests in a wide variety of fields such as tissue engineering, bio-medicine, pharmaceutics, ceramics, cosmetics, energy and environments [10] [11] [12] [13] [14] .
However, how to control nanofibers' diameters in an accurate manner is still one of the most intractable questions in electrospinning. During the past two decades, many efforts have been paid to this goal, but the results are far from satisfications [15, 16] . The electrospun nanofibers' diameters are still not able to be predicted when the traditional blending electrospinning processes are exploited. Even the aim of reducing nanofibers' sizes is compromised by the detriment of nanofiber quality. New protocols that can generate high quality polymeric nanofibers stably and controllably with predictable sizes are highly desired.
Coaxial electrospinning, a significant breakthrough in this field, was frequently utilized in controlling secondary structures of nanofibers for tailoring the nanoibers' components and compositions [17] [18] [19] [20] [21] . A common sense about this advanced method is that the sheath solution must be spinnable because it acts as a guide and surrounds the core fluid. Its viscosity is required to overcome interfacial tension of the core-sheath fluids to ensure the formation of a compound Taylor cone and a constant jet. However, this traditional idea was broken by Yu and his co-workers [22] . A modified coaxial electrospinning and also modified triaxial electrospinning were reported most recently. In these new processes, only organic solvents were used as the sheath working fluids [23] [24] [25] [26] [27] . These new processes have greatly expanded the capability of electrospinning in manipulating the polymeric nanofibers' diameters accurately and predictably.
In this study, with Eudragit E100 at a concentration of 15 wt. % in a mixture of ethanol/N, N-dimethylformamide (DMF) as the core fluid, a varied of mixed organic solvents were exploited as the sheath fluids to create polymeric nanofibers. These nanofibers were evaluated and the results were discussed in details.
Materials and Methods
Materials Eudragit E100 (average molecular weight approximately 150,000) was supplied by Rohm GmbH & Co. KG (Darmstadt, Germany). Methylene blue, ethanol and N, N-dimethylformamide (DMF) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals and reagents were of analytical grade.
Preparations A solution with a Eudragit E100 concentration of 15 wt% was prepared as the core working fluid. A series of mixtures consisting of ethanol and DMF with varied volume ratio were exploited as the sheath working fluids.
A ZGF60 kV/2 mA power supply (Wuhan Huatian Corp., Wuhan, China), two KDS100 syringe pumps (Cole-Parmer ® , Vernon Hills, USA) and a cardboard wrapped with aluminum foil were utilized to set up the in-house electrospinning system. After some pre-experiments, the applied voltage and the spinneret-to-collector distance were fixed at 16 kV and 20 cm, respectively. The feeding rate of the sheath and core fluids was adjusted at 0.3 and 0.7 mL/h, respectively. The operational parameters are included in Table 1 . Table 1 . Parameters for conducting the modified coaxial processes.
Characterizations The morphology of the fibers was evaluated using a scanning electron microscope (SEM; FEI Quanta 200 FEG ESEM instrument). Each specimen was fixed with conductive double-sided carbon adhesive tape and were gold sputter-coated under a nitrogen atmosphere to render them electronically conductive. The average fiber diameter was determined by measuring their sizes in SEM images at more than 100 different places using the ImageJ software (National Institutes of Health, Bethesda, MD, USA). 
Results and Discussion
The modified coaxial processes A schematic diagram of the electrospinning system is showed in Fig. 1 , which was composed of four components, i.e. a spinneret, two syringe pumps, a fiber collector and a power supply. The key part is the spinneret, which determines what kinds of electrospinning processes are carried out. When solvent was exploited as the sheath working fluid, the process is a typical modified coaxial process. A digital image of the electrospinning system is shown in Fig. 2a . The connections of the concentric spinneret with the power supply and the working fluids are shown in Figure 2b , in which the sheath solvent syringe was directly connected with the spinneret and the core fluid syringe was connected with the spinneret through elastic silicon tubing. The high voltage was conveyed to the fluids via an alligator clip. A digital picture of the on-going electrospinning process for preparing nanofibers F2 is shown in Fig. 2c . It was a typical process, starting from a Taylor cone, through which a straight fluid jet was emitted, and followed by a continuously enlarged bending and hipping loops. Its compound Taylor-cone was exhibited in Fig. 2e , which was deformed from the core-sheath droplet in Fig. 2d by the applied high voltage. The blue marker had little diffusion during the extremely fast electrospinning processes.
Morphology The SEM images of the five kinds of nanofibers are exhibited in Fig. 3 . All the nanofibers had the linear morphology without any spindles-on-a-string phenomena except nanofibers F5. Although nanofibers F5 (Fig. 3e) showed an even smaller diameter than the others (Fig. 3a to 3d) , these fibers had bound clumps and also spindles-on-a-line morphology. However, when the sheath mixture contained too much DMF, the coaxial process lost its stability to some extents. Nanofibers F5 fabricated using a solvent containing 40% DMF is exhibited Fig. 3f . It is obvious that spindles and large bound clumps can be found all over the nanofiber mats. The influence of DMF content in the sheath fluid on the electrospun nanofibers The average diameter and distribution of the prepared four nanofibers are shown in Fig. 4 . As the volume ratio of DMF in the sheath mixture increased from 0% to 10%, 20% and 30%, their avarage diameters gradually decreased from 1120 ± 470 nm, to 940 ± 260 nm, 670 ± 140 nm, and 460 ±110 nm for nanofiber F1 to F4, respectively. To further disclose the change trend of nanofibers' diameter with the DMF content in the sheath solvent and find the inner relationship between the nanoifbers' size and the sheath solvent compositions, linear equation were exploited to fit the statistical data. The results were shown in Figure 4 . The linear equation is D=1.434 -0.023 C within a rage between 0% to 30%, with a correlation coefficient of |R|=0.9976, reflecting a good linear relationship between them.
Microformation mechanism Compared with the traditional single-fluid electrospinning, the modified coaxial electrospinning has the great advantage in creating polymeric nanofibers in that the sheath solvent can be manipulated seperately for controlling the electrospinning processes, and thus corresponding on the nanofibers' diameter and quality. What's more, the present job goes a further step to demonstrate that the component of the seath solvent mixtures can be exploited to manipualte the working processes. From the above-mentioned results, it is clear that the more DMF in the sheath fluid, the more significant effect that the nanofibers were downsized. A microformation mechanism was shown in Fig. 5 . The more DMF in the sheath fluid, the more difficult it was exhausted during the electrospinning. Thus in turn, the longer time period the fluid jets were subjected to the electrical force drawing and the nanofibers with smaller diameters were generated. DMF has a high boiling point of 153 o C, meaning very difficult to be exhausted during the electrospinning processes when excessive DMF was added into the sheath mixture. Thuse, non-linear morphologies could be found on Figure 3f . Figure 5 . The suggested mechanisms about the influences of DMF contents in the sheath solvent mixtures on the formation of Eudragit E100 nanofibers using modified coaxial electrospinning.
Conclusions
A series of modified coaxial processes have been successfully carried out for preparing Eudragit E100 nanofibers. The sheath solvent mixtures were composed of DMF and ethanol, whose compositions were exploited as a key parameter to manipulate the diameters of electrospun nanofibers. The SEM observations demonstrated that the nanofibers' diameter (D, µm) had a clear exponential relationship with the DMF content (C, %) in the sheath mixtures as D=1.434 -0.023 C (R=-0.9976) within a rage between 0% to 30%. The microformation mechanism was suggested. The present investigations pave a new way for implementing the modified coaxial processes, which can be utilized to manipulate the diameters of nanofibers robustly and stably.
